During the past decade, isopolyoxotungstates (iso-POTs) and their derivatives have been greatly developed due to their unique structures and potential applications in luminescence, magnetism, catalysis etc. This brief review is principally focused on the main research progress on iso-POTs, iso-POT-based transition-metal derivatives, iso-POT-based rare-earth derivatives, iso-POTbased organometallic derivatives and iso-POT-based heterometallic derivatives, and gives a summary of some representative examples of their syntheses, structures and related properties. In addition, an outlook on the future of this area is presented in the final section. We believe that this systematic commentary on iso-POTs and their derivatives will not only disclose a rich set of iso-POT structures, but also reveal a more promising direction for the further functionalization of iso-POTs.
Introduction
Polyoxometalates (POMs), as a unique and important class of discrete anionic oxide clusters, are formed by oxo-bridging early transition-metal atoms in their d 0 or d 1 electronic configurations (usually Mo VI/V , W VI/V , V V , Nb V or Ta V ) (Long et al., 2010; Mitchell et al., 2011; Zhang et al., 2016; Zhao, Li, Ma et al., 2016) . These high-oxidation metal atoms are coordinated by oxygen ligands, giving rise to {MO x } (x = 4-7) geometries and the resulting {MO x } units are further joined together by corner-, edge-or face-sharing O atoms (formally O 2À or occasionally HO À ions) (Ma et al., 2015 (Ma et al., , 2018 Reinoso et al., 2010) . The studies on POM chemistry date back to the discovery of the first POM cluster (the ammonium salt of PMo 12 O 40 3À ) in 1826 by Berzelius . Then, with the development of the X-ray diffraction technique, accurate structural information on crystalline POMbased materials could be obtained, which not only provided accurate structural data for mechanism explanation and theoretical calculation, but also afforded the necessary guidance for the bottom-up assembly of a variety of novel functional POM-based materials (Coppens et al., 2014; Rozes & Sanchez, 2011) .
As one classical and representative member of the POM family, systematic studies on polyoxotungstates (POTs) have established standards for the bottom-up assembly of clusterbased crystalline materials which exhibit excellent performance in a wide range of applications because of their appealing electronic and molecular properties, such as magnetism, catalysis, medicine or materials science (Chen, Yan et al., 2014; Gao et al., 2012; Kortz et al., 2009; Xin & Pope, 1996; Zhang et al., 2016) . Currently, the development of new POT structures has thus far mostly involved the integration of ISSN 2053 ISSN -2296 # 2018 International Union of Crystallography heteroatoms into tungstate-based frameworks, namely, heteropolyoxotungstates (hetero-POTs) with the general formula [X p W q O y ] nÀ , in which X represents the heteroatoms (e.g. P V , Si IV , Ge IV , As V etc.) (Miras et al., 2008) . The vast growth in the number of hetero-POTs with an unmatched range of physical and chemical properties may be rooted in the following reasons: (i) hetero-POTs could be obtained easily by simple acidification in one-or two-step processes in high yield due to the template-inducing effect of heteroatoms ( etc.) (Cameron et al., 2014; Chen et al., 2013) ; (ii) they can exist over a wide pH range, which is suitable for the existence of transition metal (TM) cations, rare earth (RE) cations or other clusters (Wu et al., 2015) ; (iii) the stereochemical effect of the lone electron pairs orientated on trigonal pyramidal XO 3 groups (X = As III , Sb III , Bi III , Se IV and Te IV ) encapsulated at the centres of POMs can to some degree hinder the closure of cage-like POM intermediates forming lacunary hetero-POT building blocks, which favours the self-assembly of large poly(hetero-POT)s ; (iv) these lacunary hetero-POT precursors can usually work as excellent multidentate inorganic ligands to coordinate with TM/RE electrophiles generating TM-substituted hetero-POTs, REsubstituted hetero-POTs or even TM-RE heterometalsubstituted hetero-POTs (Du et al., 2013; Rodriguez-Albelo et al., 2009 ). Up to now, abundant functional hetero-POTs were isolated by introduction of TM or RE centres into the defect sites, which almost complete its full coverage of POM chem-istry, from purely synthetic strategies aimed at explaining the mechanism of the assembly processes, to the practical research fields that attempt to expand the scope of applications of POMs (Liu et al., 2016) . Several important reviews on this area have already been published (Ma et al., 2015 Oms et al., 2012; Zheng & Yang, 2012) . However, isopolyoxotungstates (iso-POTs) composed of a metal oxide framework without internal heteroatoms (Long et al., 2007) are particularly rare and only a handful of examples are known, which may be related to the lack of central heteroatoms in iso-POTs that can be conducive to stabilizing POM structures. Compared with hetero-POTs, the lack of central heteroatoms in iso-POTs can endow a more labile nature on iso-POT building blocks Long et al., 2010) . Nonetheless, iso-POTs, representing a growing subset of POMs, also have interesting physical properties, such as high charges and strongly basic oxygen surfaces (Long et al., 2007 (Long et al., , 2010 , which indicates that they are still attractive units for the bottom-up assembly of novel functional POM-based materials. Hitherto, synthetic approaches for the preparation of iso-POTs have been largely developed from traditional aqueous solution synthesis to hydro(solvo)thermal reactions, and even networked reactor systems. There is no doubt that these diverse synthetic methods expand the horizons for the preparation of novel iso-POT crystalline materials and also extend their properties. Up to now, several iso-POTs have been obtained as a result of the unremitting efforts of synthetic chemists, although the ingenious design and synthesis of novel iso-POTs are still considerably challenging issues, such as the peroxo-containing [W 4 O 8 (O 2 ) 6 (CO 3 )] 6À (Stomberg, 1985) , Lindqvist-type [W 6 O 19 ] 2À (Fuchs et al., 1978) , Sshaped [H 2 W 22 O 74 ] 14À (Ismail, Bassil et al., 2009; Ismail, Dickman & Kortz, 2009) , the x-like [H 10 W 34 O 116 ] 18À clusters (Miras et al., 2008) , the triangular [H 12 W 36 O 120 ] 12À (Long et al., 2004) , the Well-Dawson-like [H 4 W 18 O 56 (WO 6 )] 6À (Long, Kö gerler et al., 2006) (Zhan et al., 2015) . The successful syntheses of these iso-POMs provide the useful building blocks or precursors for constructing novel and huge tungsten-oxo clusters. In addition, with the comprehensive research drive in POM chemistry, the exploration and assembly of multifunctional iso-POT-based derivatives, such as iso-POT-based TM derivatives (IPTMDs), iso-POT-based RE derivatives (IPREDs), iso-POT-based organometallic (OM) derivatives (IPOMDs), as well as iso-POT-based heterometallic (HM) derivatives (IPHMDs), have become a crucial research topic. And the current goal is to develop sophisticated designer moleculebased materials and explore their potential applications in magnetism, catalysis, medicine and photophysics (Figs. 1 and 2a). However, since an earlier special issue on POMs published in Chemical Reviews by Hill et al. in 1998 (Hill, 1998 , no critical and comprehensive review of iso-POTs and their derivatives has been reported. We believe that a systematic review of iso-POTs and their derivatives would further benefit the development of this field because the continuous breakthroughs have not ceased in the preparations, modifications and applications of iso-POTs, especially in the last few years.
In this review, we aim to put together the global research efforts and motivate innovative ideas for promoting this area to synthesize gigantic iso-POT-based architectures. Beginning with an introduction describing the latest synthetic approaches, we provide an overview of the development of diverse iso-POT structures and their derivatives modified by various metal ions. Moreover, their tunable properties and growing applications are also reviewed.
Synthetic strategies
The absence of direct geometrical control from central heteroatoms and the more labile nature of iso-POT building blocks have hampered the development of iso-POTs in the past several decades. On account of worldwide research efforts, diverse synthetic methods have been developed to accelerate the acquisition of intriguing crystalline iso-POTbased materials (Fig. 2) . Hitherto, two main preparation methods were applied to the preparation of iso-POTs and their derivatives, namely, the conventional aqueous solution method and the hydro(solvo)thermal technique. Among them, the conventional aqueous solution method has been extensively used, which can be attributable to the following reasons: (i) mild reaction conditions (T < 373 K, ambient pressure), relatively easy operation, and simple equipment requirements; (ii) the whole reaction process is controllable and observable; (iii) the homogeneous system is conducive to the mutual diffusion of different chemical components and further increases the collision probability between atoms or molecules; (iv) high-quality crystals can be obtained by the slow evaporation process; (v) the products are usually pure and may dissolve in water or common organic solvents, which thus can be conveniently characterized. Meanwhile, the hydro-(solvo)thermal technique has also been proved to be a serviceable method in making iso-POT-based crystalline materials, especially for IPTMDs. In comparison to the conventional aqueous solution method, the higher pressure and temperature under hydro(solvo)thermal conditions can enhance the solubility of the starting materials. Therefore, more components can be introduced to the reaction system, which can further enrich the structural diversity and extend functional applications. What is more, the reaction parameters can be easily controlled by setting the oven at different temperatures at required times, and even by changing the warming up and cooling down rate (Fang et al., 2017) . In addition, the metastable phases can be easily caught by the hydrothermal method, which are often difficult or impossible to make by other synthetic methods. Hitherto, more than 40 articles on iso-POTs and their derivatives have been published From Fig. 2(b) , we can see that the conventional aqueous solution synthesis route has been proven to be a more powerful and efficient method for synthesizing iso-POT-based crystalline materials, which may be due to the higher level of structural and coordinative flexibility when compared to the hydrothermal method.
As for the synthetic strategies, the one-pot self-assembly synthesis of simple WO 4 2À and other components is still an important synthetic strategy for the construction of large iso-POTs and their derivatives, although its synthetic mechanism is not well known up to now. Typically, one of the synthetic methods of iso-POT materials is the one-pot reaction strategy, in which some reaction parameters, such as pH, crystal growth time, ionic strength of the solvent and temperature, dramatically affect the final products. Hence, the control of a single reaction parameter can represent a facile and flexible route for the acquisition of novel iso-POT architectures. Under the guidance of such an idea, more and more attention has been paid to the design and synthesis of iso-POT-based crystalline materials via one-pot reactions. For example, Cronin and co- (Zhao et al., 2014) . What is more, combining the solution synthesis with the networked reactor system, Cronin's group also proposed a networked one-pot reaction array and (Oliva et al., 2012) . After the integration of compositional and time-dependent space, such a networked reactor system is transformative for the rapid screening of a large number of self-assembly reactions and allows the systematic combination of one-pot reactions of similar systems as a function of time or composition permitting the exploration of virtual libraries of building blocks. To a great extent the use of the above mentioned flexible one-pot reaction strategy accelerates the discovery of new types of iso-POT-based crystalline materials. Apart from the one-pot reaction strategy, a stepwise synthetic strategy or a so-called step-by-step reaction strategy with a high level of controllability has also been developed. Under this strategy, preformed iso-POTs, metal clusters or metal complexes are used as templates and induce the fabrication of large iso-POT aggregations or unexpected iso-POTbased transition-metal (organometal) derivatives, or IPTM(OM)Ds. In detail, the stepwise assembly mainly includes three synthetic routes: (i) reaction of preformed iso-POT precursors with other reagents (namely, organic ligands, TM cations, RE cations and counter-cations) (Chi et al., 2014; Han et al., 2014; Liu et al., 2006; Li et al., 2002; Pang et al., 2008) ; (ii) introduction of one type of prefabricated mononuclear metal complex or polynuclear metal cluster into the simple tungstate system (Bi et al., 2004; Fang & Luban, 2011; Meng et al., 2013) ; (iii) combination of the preformed iso-POT precursors and the preformed mononuclear metal complexes (Han et al., 2001) . Here, some typical stable and metastable iso-POT precursors can be listed as follows: (i) (Sprangers et al., 2006) . Notably, these above-mentioned iso-POT precursors can selfdecompose and reassemble into their derivative fragments, which provides numerous opportunities for synthesizing multifunctional iso-POT-based materials. For instance, under hydrothermal conditions, the one-dimensional (1D) (Lis, 1980) . Moreover, the stepwise synthetic strategy can induce the formation of 6À as the precursor to combine with Ag + and Ce 3+ linkers to form a purely inorganic 3D framework with two kinds of channels (Pang et al., 2008) .
Hitherto, the synthetic strategies used for the construction of iso-POTs and their derivatives can be mainly divided into four types: (i) conventional solution synthesis with simple initial materials; (ii) conventional solution synthesis with preformed iso-POT precursors, TM clusters or metal complexes; (iii) the hydro(solvo)thermal method with simple initial materials; (iv) the hydro(solvo)thermal method with preformed iso-POT precursors. We believe that many more reaction types will be found with the development of the iso-POT field. It can also be expected that further modulation of the synthetic strategies will have great potential for the creation of novel iso-POT-based crystalline materials with promising applications by introducing different functional groups.
Representative structure types of iso-POMs and their functional derivatives
The development and improvement of synthetic strategies contribute greatly to the structural diversity of iso-POT-based crystalline materials. Up to now, the family of iso-POT-based crystalline materials has been expanded to more than 100 compounds. Thus, there is an urgent demand for a general classification scheme in consideration of the diverse and complex structural features of iso-POT-based crystalline materials. In a critical review reported by Cronin, great stress is laid on the synthetic strategy of introducing organocations into a tungstate system to fabricate novel iso-POTs (Long et al., 2007) . In their subsequent review, they also systematically classified the structures of iso-POTs into several types in terms of their basal building blocks (Long et al., 2010) . Following these two reviews and based on recent growth in this field, here, we not only summarize the structure types of iso-POTs, but also provide an up-to-date progress report of their functional derivatives modified by various metal ions. Meanwhile, among them, some representative iso-POT-based crystalline materials from low to high nuclearity will be exclusively listed in a table to give readers a systematic and comprehensive view (Table 1) .
The progress on iso-POTs
In the early stage of iso-POT chemistry, a series of examples, such as [W 4 O 8 (O 2 ) 6 (CO 3 )] 6À (Stomberg, 1985) , [W 5 O 19 ] 8À (Fuchs et al., 1996) (Hartl et al., 1993) , (Hashimoto et al., 1991) , [W 7 O 24 ] 6À (Fuchs & Flindt, 1979) , [W 11 O 38 ] 10À (Lehmann & Fuchs, 1988) and [H 2 W 12 O 42 ] 10À (Allmann, 1971) , were synthesized by addition and condensation reactions in aqueous tungstate solution. It has been proven that iso-POT structure types are formed depending primarily on the degree of acidification of the tungstate solution. As these examples have been exclu-sively listed in other articles, we herein only focus on those published subsequently.
In 2004 (Suzuki et al., 2004) . Such an anion has a Lindqvist-type heptametalate structure, in which the metal atoms are located in a bent 2-3-2 arrangement with the central W 3 section as the hinge and the two peroxo groups coordinate to the W atoms at both ends of the W 3 section. By means of using the large and flexible protonated triethanolamine as the organic counter-cation, Cronin and co-workers synthesized a new type of iso-POT, [ (Fig. 3d ). This ring-like iso-POT is made up of six vertex-sharing WO 6 octahedra and six W 3 O 13 groups, in which six vertex-sharing WO 6 octahedra form an inner ring and six W 3 O 13 groups are condensed to this ring via common octahedral vertices ( Fig. 3e ). It is worth noting that not only is it made up of WO 6 octahedra, but it also includes WO 5 subunits, which is very rare in the area of iso-POTs. 12À , which comprises three 'cis-edge-shared' {W 11 } units linked by three {W 1 } building blocks. Interestingly, the centre of this triangular cluster has a metal-oxo framework that resembles the 18crown-6 ether structure and also exhibits the main features of crown ethers, such as the ability to incorporate different metal ions in the central cavity of the cluster. In 2005, a series of complexes of the type {M&W 36 } (M = K + , Rb + , Cs + , NH 4+ , Sr 2+ and Ba 2+ ) based on the {W 36 } cluster were isolated by implanting ammonium ions, alkali metal ions and alkaline earth metal ions into the cavity (Fig. 4d) (Long, Brü cher et al., 2006) . Then, they further improved this assembly strategy by employing protonated amines as guests in triangular {W 36 (Streb et al., 2008) . By single-crystal X-ray diffraction and bond valence sum calculations, they comparatively investigated the supramolecular effects of the central guest amine cations and studied their structuredirecting effects on the spatial arrangement stemming from the location of the protonated amine cations in the cavity of the triangular {W 36 } cluster. For instance, the bifunctional guest hexane-1,6-diammonium cation, with secondary amine binding sites, can act as an excellent molecular connector and directly links to two {W 36 } anions through electrostatic and hydrogen-bonding interactions, thus leading to supramolecular assembly in a tilted arrangement. . 5b) and [H 20 W 56 O 190 ] 24À ({W 56 }) ( Fig. 5c ), which represent the largest iso-POTs to date. In the former, the overall nano-sized cluster has C 2h symmetry, with the C 2 axis passing through the central {W 1 } units, and comprises two {W 21 } building blocks connected together in a parallel double-stranded fashion with dimensions of 4.3 nm in length and 1.4 nm in width. Under a similar reaction of the {W 48 } cluster at a higher pH of 2.0 in the presence of Te(OH) 6 , the expanded package of the {W 56 } cluster was isolated. Unlike the former, the two {W 21 } building blocks are twisted at an angle of 62.2 , creating a central double-stranded motif with the racemate space group P1. It is also worth noting that {W 56 } is the first example of a molecular metal oxide cluster with a chiral 'double-stranded' motif (Zhan et al., 2015) .
The progress on IPTMDs
In the past decade, a library of inorganic and organicinorganic hybrid IPTMDs with monomeric to polymeric structures has been discovered through hydrothermal treatment or the conventional aqueous method. For instance, with a mixture of Cu 2+ , 2,2 0 -bipyridine and WO 4 2À in acidic aqueous conditions, Zubieta and co-workers synthesized a dimeric monovacant Lindqvist-type IPTMD [{Cu(2,2 0 -bipyridine) 2 } 2 W 10 O 32 ]Á2H 2 O (Fig. 6a ), featuring two [Cu(2,2 0bipyridine) 2 ] 2+ subunits linked to the decatungstate [W 10 O 32 ] 4À through terminal O atoms (Devi et al., 2003) . Subsequently, another inorganic-organic hybrid decatungstate, [Cu 2 (L1) 2 Cl 2 ] 2 (W 10 O 32 )] (L1 = terpyridine), was obtained by Hu et al. through reaction of Cu(CH 3 COO) 2 ÁH 2 O, the ligand and the prefabricated iso-POT precursor ([H 2 W 12 O 40 ] 6À ) under hydrothermal conditions (Fig. 6b) , which successfully proves the decomposition and reassembly of [H 2 W 12 O 40 ] 6À leading to the formation of [W 10 O 32 ] 4À in aqueous solution. In this compound, the two copper centres are bridged by one 2 -Cl ligand to form a dinuclear cluster and are linked to the decatungstate to form a polynuclear structure, which is not common in POM chemistry (Chi et al., 2014) . In 2012, Cronin et al. discovered the mono-Co-incorporated IPTMD [H 4 CoW 11 O 39 ] 6À (Oliva et al., 2012) (Fig. 6c ). It is interesting to note that the disordered Co 2+ cations act as bridges linking neighbouring iso-POT fragments through a Co-O-W linkage, leading to a 1D infinite inorganic chain (Fig. 6d) (Fig. 6e) (Han et al., 2014) . In this compound, two {W 11 } clusters are alternately connected by two [Cu 2 (bpy)-(H 2 O) 5.5 ] 4+ cations in the end-to-end fashion and result in a 1D chain (Fig. 6f) . Adjacent 1D chains are then linked via Cu1-bpy-Cu2 units in an opposite direction forming a 2D wave-like sheet in the ab plane (Fig. 6g ). Such 2D sheets are further stacked in a parallel manner, leading to 1D channels, with the copper(II) cations aligned in the channels (Fig. 6h ). This iso-POT-based metal-organic framework has been successfully applied to improve the cyanosilylation of aldehydes with excellent conversion efficiency by a heterogeneous reaction (Table 2) , which may be attributed to the suitable distribution of copper(II) and {W 11 } in the framework providing effective contacts with substrates at the same time (Han et al., 2014) . Besides, the paradodecatungstate cluster [H 2 W 12 O 42 ] 10À has also been selected as an ideal primary building block for the construction of extended IPTMDs (Fig. 7a) . In 2008, one copper-based IPTMD, [Cu(H 2 O) 2 -(H 2 W 12 O 42 )] 8À (Fig. 7b) , and two cadmium-based IPTMDs, cluster acts as a multidentate ligand and coordinates to Cd 2+ ions through the terminal O atoms, leading to an infinite 2D framework (Fig. 7d) (Fig. 7e) , where the paradodecatungstate [H 2 W 12 O 42 ] 10À units are interconnected by bridging [Cu(en) 2 ] 2+ groups into a 1D chain structure (Fig. 7f) . This compound was used as the catalyst in the photooxidation of cyclohexane yielding an overall oxidative conversion of 36% of cyclohexane (Lin et al., 2003) . Subsequently, our group also obtained an organic-inorganic hybrid paratungstate derivative, i.e. (enH 2 ) 2 [Cu(en) 2 ] 3 [H 2 W 12 O 42 ]Á6H 2 O in 2012 ( Fig. 7g) (Li et al., 2012) . In this structure, each paradodeca- 6À has also been employed as an ideal starting point for the construction of novel IPTMDs (Fig. 8a) (Figs. 8b, 8c and 8d) (Devi et al., 2003) . Recently, two enantiotopic 1D chain compounds, i.e. [Cu 3 (L2) 3 (H 2 O) 2 (H 2 -W 12 O 40 )]Á4H 2 O {L2 = 2-[4,6-bis(pyridin-2-yl)pyridin-2-yl]-pyridine}, with chiral space group P2 1 2 1 2 1 , were synthesized by Hu and co-workers with a lack of any chiral auxiliary (Chi et al., 2014) (Fig. 8e) , and adjacent asymmetric units are linked together via [CuL2] 2+ bridges generating a 1D chain along the a axis (Fig. 8f) (Chi et al., 2014) . In the former (Fig. 8g) (Fig. 8h) . The latter is composed of two enantiotopic [Cu 3 (L2) 3 (H 2 O)(H 2 W 12 O 40 )] subunits, which is induced by the metal-organic groups asymmetrically occupying two sides of the [H 2 W 12 O 40 ] 6À cluster. As two enantiotopic subunits are connected into a dimeric structural unit, and such a linking arrangement leads to the existence of an inversion centre, thus, IPTMD [Cu 3 (L2) 3 (H 2 O)(H 2 W 12 O 40 )] 2 Á-4H 2 O is mesomeric (Fig. 8i) 10À subunits was discovered by Cronin and co-workers by a one-pot reaction (Fig. 9) (Oliva et al., 2012) . Moreover, the emergence of some novel high-nuclear IPTMDs has also aroused worldwide attention. (Figs. 10a and 10b) . Different from the mixed-valence {Mn III 8 Mn IV 4 } cluster, its magnetic behaviour manifests dominant antiferromagnetic interactions and does not exhibit single-molecule magnet behaviour, which indicates that interactions between magnetic cores and metal oxide clusters could greatly alter the magnetic behaviours in a conspicuous way (Fang & Luban, 2011 26À , with 16 Cu 2+ cations anchored symmetrically in its structure, which was obtained from the reaction of WO 4 2À in water with copper acetate solution in the presence of ethylenediamine dihydrochloride (Fig. 10c) (Zhan et al., 2015) . Moreover, by utilizing a networked reaction system, Cronin and co-workers also harvested a saddle-shaped tetragonal structure, [H 16 ({W 200 Co 8 }), more than 4 nm in diameter, representing the largest discrete iso-POT cluster so far (Oliva et al., 2012) (Fig. 10d) 
The progress on IPREDs
The search for and discovery of novel IPREDs still remains an appealing branch owing to their intriguing properties in the areas of luminescence, catalysis, electrochemistry and magnetism by taking advantage of the electronic and structural features of RE ions (Li et al., 2017) . Historically, the first series of IPREDs with the formula [RE(W 5 O 18 ) 2 ] 9À (RE = La III , Ce III , Pr III , Nd III , Sm III , Ho III , Er III , Yb III and Y III ) was communicated by Peacock and Weakley in 1971 (Almeida Paz et al., 2005; Peacock & Weakley, 1971) , in which two [W 5 O 18 ] 6À fragments are linked together via a central RE cation located on a twofold rotation axis (Fig. 11a) (Liu et al., 2006) , which exhibits the first 1D right-and left-handed helical chains constructed by rare tetravalent cerium-linking decatungstate building blocks (Figs. 11b and  11c ). In 2008, Cao and co-workers obtained a novel pentadecatungstate, [H 6 Ce 2 (H 2 O)Cl(W 5 O 18 ) 3 ] 7À , consisting of a 15membered WO 6 octahedra ring, as well as a dinuclear cerium(III) unit (Fig. 11d) . The UV-Vis spectrum of this compound shows a blue photoluminescence with a maximum emission at 488 nm, which may be applied in bluelight photoactive materials. Subsequently, our group also carried out ground-breaking work in the development of IPREDs and successfully obtained a class of oxalateconnected IPREDs, [RE 2 (C 2 O 4 )(H 2 O) 4 (OH)W 4 O 16 ] 2 10À (RE = Eu III , Ho III , Er III and Tb III ), when only Na + ions are present in the reaction (Fig. 11e) (Zhao et al., 2014) , which represents the first rectangular double-oxalate-bridged tetra-RE cluster encapsulated divacant Lindqvist iso-POT hybrids. Intriguingly, when Na + and K + ions are simultaneously introduced into the reaction system (Zhao et al., 2014) , another series of square double-oxalate-bridged tetra-RE cluster anchored iso-POT hybrids, [RE(C 2 O 4 )W 5 O 18 ] 4 20À (RE = Eu III , Ho III , Er III and Tb III ), are formed (Fig. 11f) 20À have been profoundly probed, showing the orange emission bands of the Eu 3+ ions in the visible region (Fig. 12) . 13a) . By employing a one-pot strategy, Su's group synthesized the dicerium(III)-bridged iso-POT [Ce 2 (H 2 O) 6 -W 22 O 72 (OH) 4 ] 10À unit at pH 5.0 , where two {W 11 } subunits coordinate to two Ce III centres located at the inflection point through two 3 -oxo bridges (Fig. 13b) (Ismail, Bassil et al., 2009; Ismail, Dickman & Kortz, 2009; Li et al., , 2017 Ismail, Bassil et al., 2009; Ismail, Dickman & Kortz, 2009 24À . The former consists of two identical {Ce 2 W 36 } subunits related to each other through an inversion centre and represents the largest IPRED in POM chemistry to date (Fig. 13i) . Moreover, the tetracerium(III)-bridged {W 44 } unit in the latter is constructed from four {CeW 11 } subunits that are connected through O-Ce-O bonds . It is also worth noting that the {W 11 } fragment in [Ce 4 (H 2 O) 12 W 44 O 144 (OH) 12 ] 24À is distinct from the abovementioned {W 11 } fragment (Fig. 13j) .
The progress on IPOMDs
The increasing efforts towards modifying iso-POTs with covalently attached organometallic moieties have led to remarkable progress in IPOMDs and some typical structures of this subset are highlighted here. Among them, iso-POTbased organoruthenium derivatives have been widely studied because of their catalytic applications resulting from the incorporation of highly redox-active ruthenium. (Artero et al., 2001) . Among them, the windmill-like cluster [{Ru( 6 -C 6 Me 6 )} 4 W 4 O 16 ] (Fig. 14a) (Fig. 14c ) is made up of two crystallographically equivalent cubane-like [{Ru(arene)}(WO 3 ) 3 ( 3 -O) 3 ( 3 -OH)] 5À units linked together by two cis-{WO 2 } 2 groups. In addition, their UV-Vis spectra display two metalto-ligand charge-transfer transitions between 300 and 450 nm and ligand-to-metal charge-transfer transitions in the higher energy region. In 2013, the diorganoruthenium-supported iso-POT [{Ru(C 6 H 6 )} 2 W 8 O 28 (OH) 2 ] 6À (Fig. 14d) were successfully isolated by Bi et al. and consists of two [Ru(C 6 H 6 )] 2+ cations linking to a [W 8 O 28 (OH) 2 ] 10À fragment via three Ru-OW bonds, resulting in an assembly with C 2 symmetry (Meng et al., 2013) . Notably, by anchoring on (3-aminopropyl)triethoxysilane (apts) modified SBA-15, this compound exhibits higher catalytic activity in the oxidation of n-hexadecane in air without any additives and solvents in comparison with previously reported Ru-containing POTs. In 2004, Kortz's group used the one-pot procedure in the buffer medium and synthesized the Ru-containing iso-POT [HW 9 O 33 Ru II 2 -(dmso) 6 ] 7À (dmso is dimethyl sulfoxide; Fig. 14e (Han et al., 2001) . Inspired by previous innovative work, Kortz's group also prepared the first dimethyltin-containing IPOMD [{(CH 3 ) 2 Sn} 2 (W 6 O 22 )] 4À (Fig. 14g) , which is composed of a new type of hexatungstate fragment, [W 6 O 22 ] 8À , stabilized by two dimethyltin groups and exhibiting an intriguing 1D arrangement via distorted trigonal-bipyramidal cis-(CH 3 ) 2 SnO 3 moieties (Fig. 14h) (Reinoso et al., 2006) 3+ and Ag + in a 1:2:2 ratio in aqueous solution (Fig. 15a ) (Pang et al., 2008) . Intriguingly, adjacent molecular units are linked by Ce 3+ and Ag + cations to form a 2D network (Fig. 15b represents the first inorganic high-dimensional framework based on 4d-4f heterometals and iso-POTs. Moreover, it also exhibits an excellent reversible water sorption capability, resulting from the loss of coordination water and the probable collapse of the porous frameworks in its structure.
Conclusions and future outlook
This review summarizes recent progress in the rapidly developing field of iso-POT-based crystalline materials. On the basis of successful synthetic methods, a large number of iso-POTbased derivatives with diverse structural types and various nuclearities were classified. During the course of the synthesis of these iso-POT-based crystalline materials, the conventional aqueous method was proved to be an effective preparation method, especially for the construction of gigantic iso-POTs, and is still widely utilized to create many other iso-POT-based derivatives. Also, the hydro(solvo)thermal technique has been employed in this field and several unprecedented organicinorganic hybrid iso-POT-based derivatives with aesthetic topologies have been acquired, proving that it is an effective way to make organic-inorganic hybrid iso-POT-based derivatives. What is more, some effective synthetic strategies, such as the one-pot reaction strategy of simple starting materials, the stepwise synthetic strategy utilizing preformed precursors as building blocks, and alkali-metal-directing self-assembly and pH-controlled self-assembly have been constantly and intensively attempted in the preparation of iso-POT-based derivatives. In this review, we highlight the structural types of iso-POT building blocks, the structural characteristics and the linking modes of different compositions in these compounds. At the same time, some interesting and important properties are also presented.
Although significant progress has been made, there is still a great deal of research potential for the development of iso-POT-based crystalline materials. To date, the nuclearity of the structurally known iso-POTs is still far less known than the hetero-POTs and polymolybdates and the number of iso-POTbased extended materials is limited compared with metalorganic frameworks. Based on the above-mentioned results, several personal viewpoints are presented to help researchers grasp the possibilities for future development of novel iso-POT-based crystalline materials. (i) Other synthetic methods should be introduced and developed in the future. In addition to the conventional aqueous synthetic method and the hydrothermal technology, the mixed-solvent diffusion method, ionothermal synthesis, microwave synthesis and solid-phase synthesis are still in their early stage of application in the field of iso-POT chemistry, which is expected to be exploited in the preparations of iso-POM-based derivatives with fascinating structures and attractive properties.
(ii) Introduction of various precursors should be attempted. As can be seen from the aforementioned examples, the precursors which are mainly used in the synthesis of iso- 6À . Thus, there is indeed further potential to explore and prepare more iso-POT precursors utilized for the preparation of iso-POM-based derivatives. What is more, the combination of iso-POT building blocks with as-synthesized TM/RE clusters (for instance, {Fe 10 }, {Fe 12 }, {Ag 20 } and {Dy 10 }) may also be an efficient way to obtain high-nuclear nanosized iso-POT-based derivatives (Koumousi et al., 2013; Li et al., 2018; Westin et al., 2003) , which has already been confirmed by Fang's illuminating work on the assembly of the magnetic cluster {Mn 14 W 48 } (Fang & Luban, 2011) .
(iii) Multifunctional organic components in the construction of iso-POT-based crystalline materials are also introduced, albeit their poor solubility makes the preparation of organicinorganic hybrid iso-POT-based derivatives a challenging task. On one hand, the introduction of organic ligands into iso-POT clusters will improve their biological activity and reduce their toxicity, as POMs usually exhibit promising applications in medicine and biology. On the other hand, the organic ligands can participate in coordination with iso-POT clusters, giving access to organic-ligand-decorated iso-POT materials, which will greatly expand their applications, especially in molecular recognition, catalysis and gas adsorption.
We believe that further in-depth research on iso-POT-based derivatives can not only provide valuable guidance to ongoing developments in exploring and discovering novel functional iso-POTs, but also gradually highlight the importance of the iso-POT branch in the frontier area of POM chemistry.
